Objective: The aim of this cohort study was to evaluate if the side effects of orthodontic treatment have any significant impact when the Kvaal et al., method is used for dental age estimation. The objective of this study was to observe the potential effects of orthodontic treatment on the accuracy of the age estimation, as performed using the Kvaal et al. Standards when it was applied on individuals before and after orthodontic treatment. Materials and Methods: Following the methodological approach of Kvaal et al., odontometric measurements were acquired, and the data were statistically analyzed to develop age estimation regression models. The total number of radiographs analyzed was 182 (644%, n = 58) female and 36% (n= 33) male. The ages ranged from 12 to 50 years for females (mean age 22 years) and 12-52 years for males (mean age 22 years) before starting the treatment. The average length of the treatment was 2.2 years for both females and males. Results: It was observed that the standard error of estimate for the regression models did not change dramatically for the pre-and post-treatment data. Conclusions: It is recommended that similar analyses be performed for other methods of dental age estimation, for example, methods based on cone-beam computer tomography or microfocus computer tomography. These novel approaches, though more accurate, are also potentially more sensitive to dental changes caused by orthodontic treatment.
INTRODUCTION
Kvaal et al. [1] developed a non-invasive method for the estimation of age in adults with the measurement of dimensions of the pulp chamber and tooth length to formulate regression models in the estimation of age. Originally, this method was proposed to be used on periapical radiographs. However, more recent work has focused on the use of the Kvaal et al. [1] method in panoramic radiographs [2] [3] [4] . During tooth development, secondary dentin deposition commences once the root formation is complete, and the tooth erupts to the level of the occlusal plane [5] . Annually, the rate of secondary dentin formation has been documented to be 6.5 μm/year for the crown and 10 μm/year for the root [6] . The rate of secondary dentin formation is influenced by external stimuli such as occlusal forces, trauma, and caries [7] . These external factors also generate the production of tertiary dentin [5] , which is indistinguishable to secondary dentin on dental radiographs [8] .
The estimation of dental age has been a valid tool in forensic and anthropological research [1, 9, 10] . For younger persons, including newborns, infants, and adolescents, there are dental age estimation methods, generally based on tooth maturation, which are considered the most accurate to estimate the chronological age in subadults [3, [11] [12] [13] . In adults, once the root formation is deemed complete, methods for dental age estimation are broadly based on the analysis of secondary dentin deposition and the subsequent narrowing of the pulp chamber [1, 6, 14] . A potential confounding factor in the estimation of dental age is the high incidence of orthodontic treatment in developed countries [15] . The judicious application of forces is central to successful orthodontic treatment and is well known to induce biological changes in dental hard tissues, including the formation of secondary dentin [7] and root shortening [16] . The corollary being a change in the dental morphological features analyzed in the estimation of dental age in adults [7, 17] .
Given the potential of the development of tooth structure in adolescents and adult patients to be influenced by the application of orthodontic force, and these structures being the foundation of age estimation methods, and it is important Changes in age estimation standards secondary to full fixed edgewise orthodontic treatment to recognize and quantify the effect. The first aim of this study was to evaluate if the side effects of orthodontic treatment had any significant impact on dental age estimation when using the Kvaal et al. [1] method. The objective of this study was to observe the potential effects of orthodontic treatment on the accuracy of the age estimation as performed using the Kvaal et al. [1] standards when applied on individuals before and after orthodontic treatment. 
MATERIALS AND METHODS

Sample
This cohort study consisted of a series of subjects who consecutively presented for orthodontic treatment at a private specialist orthodontic clinic (SV). All panoramic radiographs were acquired from the same machine and in digital format, with the informed consent of the participants. All of the panoramic radiographs were unidentified, and the only information known was the sex and age of the participants at the starting and finishing time of the orthodontic treatment.
Inclusion Criteria
All subjects who had a recorded panoramic radiograph of high quality with respect to factors of image brightness, contrast, and sharpness were included. In addition, all the analyzed teeth were clinically sound with completed root formation and in functional occlusion.
Exclusion Criteria
Any radiographs that did not meet the inclusion criteria or had observable failings (e.g. image distortion, poor contrast, overlap of tooth structure, or improper positioning) were excluded. Teeth with rotations, incomplete root formation, dilacerations, pulpal pathologies, and endodontic treatment and/or restorations were excluded. Teeth with developmental abnormalities in size, shape, and tooth structure, as well as previous pulpal and periodontal pathologies and endodontic treatment, were excluded. Teeth with large areas of enamel overlap between neighboring teeth were excluded in this study.
Sample Population
This study analyzed a total of 182 pre-and post-orthodontic treatment panoramic radiographs from 91 participants, 64% (n = 58) female and 36% (n = 33) male, from a Western Australian population. All the participants presented for orthodontic treatment that, after diagnosis and treatment planning, was completed with fixed appliances. The ages ranged from 12 to 50 years for females (mean age 22) and 12-52 years for males (mean age 22) before starting the treatment. The average length of treatment was 2.2 years for both females and males. Digital panoramic radiographs were taken as part of routine clinical orthodontic treatment to evaluate the initial condition of the participants and the final treatment results.
Teeth Selection
As established by Kvaal et [1] reported that there are not significant differences between teeth from the left or the right side of the arch. In accordance with this, if one tooth was absent, the contralateral was used, as long as this was observable in a straight position.
Measurement
The measurements were performed using Image J software (version 1.48 19 April 2014 -National Institute of Health, USA). As proposed by Kvaal et al [1] , different odontometric measurements were recorded: tooth length, pulp length and root length as well as pulp width and tooth width at three different levels: A (cemento-enamel junction in the mesial surface of the roots); B (midpoint between the points A and C); C (midpoint between the cemento-enamel junction and root apex). After the collection of the figures in an Excel (2013) spreadsheet, a serial of ratios was calculated: (T) tooth/root length, (R) pulp/ tooth length, (P) pulp/root length, and root width/pulp width ratio at levels A, B, and C. The ratio calculation and use were proposed by Kvaal et al. [1] with the aim to reduce the effect of magnification and angulation inherent in most radiographs [1, 4] . The different mean values calculated with these ratios provided the age estimation predictors (M: Mean value all ratios, W: Mean value width ratios B and C, L: Mean value ratios P and R, W-L: Difference between W-L). The predictors M and W-L were later used to formulate the age estimation models using multiple regression analysis as established by Kvaal et al. [1] . The measurements were completed by a single observer (TYM). All data were collected using Excel (Version 2013 Microsoft Redmont, USA), and statistical analysis was completed using the program R Core Team version 3.1.3 (2015) (R: A language and environment for statistical computing and R Foundation for Statistical Computing, Vienna, Austria. URL http://www.Rproject.org/).
Calibration
Intra-and inter-observer calibration was estimated using five randomly selected panoramic radiographs from the final study sample. These panoramic radiographs were measured on five different days with at least 1 day interval. With the aim to avoid the recall of the measurements and landmarks, five new panoramic radiographs were also measured on each occasion. Data were recorded using the software Image J by TYM and SK. To determine intra-observer precision, three estimates of precision were calculated: The technical error of measurement (TEM <1.0), relative TEM (rTEM <5%), and coefficient of reliability were calculated to quantify the inter-and intraobserver measurement error [18] .
Statistical Analysis
The strength of linear association between chronological age and the Kvaal et al. [1] dental ratios was determined by Pearson correlation coefficient (r). Following this stage, regression analysis was applied to evaluate the relationship between the ratios and the chronological age. The final results were later used to generate the statistical models for age estimation. To quantify the predictive accuracy of the models, the standard error of estimation (SEE) was used in the cross-validation sample. Multivariable linear regression analyses were used to examine the association between the independent and outcome variables. The outcome variables included chronological age (dependent variable) and the predictors M and W-L (independent variables). Different equations were generated to estimate the chronological age, by individual tooth and by group of teeth, as follows: Three maxillary teeth with M and W-L values (6 predictors) individually calculated for each tooth, and the average of M and W-L for the same teeth (2 predictors). Three mandibular teeth with M and W-L values (6 predictors) individually calculated for each tooth, and the average of M and W-L for the same teeth (2 predictors). All six teeth, with M and W-L values (12 predictors) individually calculated for each tooth, and the average of M and W-L for the same teeth (2 predictors). All regression models were built using the ordinary least squares approach. R 2 values were computed to examine the amount of variance explained by the predictor variables. The formula proposed by Preoteasa et al. [19] was used to calculate the percentage of teeth with root shortening.
RESULTS
Measurement Precision
After the estimation of intra-and inter-observer error, the obtained values were as follow: Intra-observer error: TEM <1.0 (0.92), rTEM<5% (2.99%), and R > 0.75 (0.95). Interobserver error (between SK and TYM) was: TEM <1.0 (0.80), rTEM <5 (2.37), and R > 0.75 (0.98) showing comparable intra-and inter-observer measurement precision.
Age Distribution
The age distribution before orthodontic treatment for females was: 12-19 years (62%, n = 36), 20-39 years (28%, n = 16), >40 years (10%, n = 6), and after treatment, it was: 15-19 years (57%, n = 33), 20-39 years (15%, n = 19), and >40 years (10%, n = 6). For males, before orthodontic treatment was: 12-19 years (52%, n = 17), 20-39 years (42%, n = 14), and >40 years (6%, n = 2), and after orthodontic treatment, it was: 13-19 years (48%, n = 16), 20-39 years (45%, n = 15), and >40 years (6%, n = 2).
The correlation coefficient between chronological age and the dental ratios was calculated for the data before and after orthodontic intervention [ Table 1 ]. In both cases, the correlation coefficient related with the width ratios (A, B, and C) was more significant than those related with length (P, T, R, and L). As established by Kvaal et al. [1] , the predictors M and W-L are required to be included in the final equation for dental age estimation. Based on the Pearson correlation coefficients, it could be observed that after the orthodontic treatment, the significance of the values for the predictor W-L decreased.
Individual tooth regression models and multiple teeth regression models were proposed for individuals that had not received orthodontic treatment [Tables 2 and 3 , respectively] and for individuals after finishing the treatment [ Tables 3 and 4 ]. In regards to the models for age estimation using individual teeth, the SEE tends to increase after orthodontic treatment, especially for the mandibular canine, where the increase was ±2 years. Furthermore, while the results for the SEE provided by the mandibular canine showed a lower SEE (±8.26 years) in the data analysis before treatment, the same tooth showed the greatest value of SEE (±10.23 years) for individual tooth analysis after orthodontic treatment.
When multiple regression models were formulated using different combinations of teeth, it is also noticeable that in a few cases the SEE decreased after orthodontic treatment: Maxillary lateral incisor (±0.437), maxillary first premolar (±0.698), the multiple tooth regression models using three maxillary teeth with two (±0.574) and six (±0.613) predictors, and in the multiple regression models using six teeth and two predictors (±0.237). In both circumstances, the multiple regression models using the different teeth combinations improved the accuracy of estimation of chronological age, consistent with previous studies [2] .
Root shortening was detected in 62% of the upper central incisors, 53% of upper lateral incisors, 48% of upper second premolars, 48% of lower lateral incisors, 50% of lower canine, and 51% of lower second premolars, with a formula previously proposed [19] .
DISCUSSION
This is the first study to specifically apply the Kvaal et al. method to a group of orthodontically treated subjects, and also the first evaluating the impact of the side effects of orthodontic treatment on one of the proposed methods for dental age estimation in adults based on the formation of secondary dentine and the pulp/tooth dimension ratios. Previous Table 2 : Multiple regression for estimation of chronological age (in years) for individual maxillary and mandibular teeth in subjects before (1) and after (2) Table 1 for abbreviations Rinvestigations failed to disclose whether subjects had previously received orthodontic treatment. There are well-known biological changes that occur secondary to the application of orthodontic forces including apical root resorption and secondary dentin formation.
External root resorption is one unavoidable, unpredictable, and undesirable sequela [20] [21] [22] of orthodontic treatment. The reported frequency of external root resorption is about 100% when it is examined under microscopy. When it is quantified on periapical or panoramic radiographs, the frequency falls to 70%, with a mean reported value of root shortening of 1.42 ± 0.44 mm and 1% to 5% of the cases with a loss of 4mm or one-third of root length [19] . In addition, maxillary teeth are more sensitive than mandibular teeth to root resorption. The most frequently affected teeth, according to severity, are the maxillary laterals, maxillary centrals, mandibular incisors, the distal root of mandibular first molars, second premolars, and maxillary second premolars [21, 23] , and all these teeth have been used in different methods for dental age estimation in adults [1, 2, 24] . In this study, a higher percentage of root resorption for upper teeth was also observed.
Confirming the findings of Karkhanis et al. [2] , the length ratios (P, T, R, and L ratios) in this study have a non-significant correlation coefficient with age (P > 0.05), and the percentage of negative correlation coefficients [ Table 1 ], closer to −1, is higher in the observed values after orthodontic treatment (23% before vs. 66% after). As the Kvaal et al. method is based on the negative correlation between age and the mentioned ratios, it is possible to observe that after the orthodontic treatment this negative correlation is more evident but not statistically significant. In this study, there was no significant variation in the correlation coefficients of the calculated length ratios with age among the different teeth. Furthermore, as the Kvaal et al. method is based on length ratio calculations, not the linear measurements per se, it is possible that the effect of root shortening on the estimated ages had been diminished when the ratios are calculated.
In terms of secondary dentin formation owed to orthodontic treatment (a phenomenon that has not been as widely investigated as root resorption), there are reports of complete obliteration of the canals in maxillary incisors [25] , and in one study analyzing, the tooth changes in terms of root length and pulp chamber within maxillary central incisors (tooth 11 and 21), statistically significant changes in the width of the pulp chamber at the midpoint of the dental root [26] were found, equivalent to the point C in the Kvaal et al. method. [1] Another study using cone-beam computer tomography (CBCT) in maxillary teeth found a statistically significant difference between the volumes before and after orthodontic treatment, with the highest mean volume loss observed in the upper left lateral incisor (3.86 mm 3 ) and the least for the upper right central incisor (3.04 mm 3 ) [7] .
In this study, the correlation coefficients of the pulp/root width ratios (A, B, C, and W) maintained their negative correlation with age before and after the treatment, without showing the same variation observed for the length ratios. It would still be necessary to assess if the root shortening after orthodontic treatment, displaced the location of the reference points B and C toward the crown (where the pulp chamber is wider), and its relation with the observed variation of the SEE before and after orthodontic treatment, which in both cases is acceptable in forensic terms (SEE =±10 years).
CONCLUSION
Our investigation demonstrated an alteration in tooth and pulp chamber morphology and dimension following orthodontic treatment. However, these changes did not serve to significantly influence the validity and accuracy (SEE) of the Kvaal et al. [1] method when applied in the assessment of panoramic radiographs to estimate chronological age. We recommend further analysis of other methods for dental age estimation in adults based on the formation of secondary dentin, such as Cameriere et al. [3] , or the more recently proposed methods based on volumetric reconstructions of the tooth and pulp chamber in CBCT [27, 28] which could be more susceptible to be affected by orthodontic treatment sequels.
